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Abstract 
    As part of EU incentives, the UK government have set ambitious environmental targets 
relating to energy consumption including a reduction of carbon emissions of 80% by 2050. The 
use of various technologies can help meet these targets as well as providing a secure energy source 
for the UK in the future. This research took the UK as a case study and investigated where 
reduction measures are most suited to reduce energy consumption. This paper presents a review on 
the current state-of-the-art on the domestic technology available, in particular solar energy, heat 
pumps, phase changing materials (PCMs) and micro combined heat and power (micro-CHP) 
systems, aiming at identifying research and development opportunities for energy saving in these 
fields. Furthermore, the financial as well as environmental aspects are assessed as these are the 
two key considerations of typical household. A typical UK house design, including the floor plan, 
is created through the use of computer aided design (CAD) software. The house design gives a 
payback period between 8.7 years at best and 11.6 years at worst. 
Keywords: Energy consumption; solar energy; heat pump; phase change material; combined heat     
         and power.
 
1. Introduction    
  
In March 2007, European Union (EU) leaders committed Europe to becoming a, “highly 
energy-efficient, low carbon economy” [1]. This stems from the realisation that the use of finite 
resources creates economic, energy security and sustainability concerns as well as the health risks 
associated with the use of fossil fuels [2]. The targets set include a minimum 20% reduction in EU 
greenhouse gas emissions (GHG) below 1990 levels, raising the share of EU energy consumption 
produced from renewable resources to 20%, and a 20% reduction in primary energy use (compared 
with projected levels) to be achieved by improving energy efficiency [1]. In addition, the EU has 
offered to increase its emissions reduction target to 30% in 2020, provided that other countries 
commit to similar ambitious reductions.  
In the UK, the Government has taken a number of steps to limit the emissions of greenhouse 
gases through legally binding targets, both now and in the future. The climate change act commits 
the UK to reducing GHG emissions by at least 80% in 2050 from 1990 levels [3, 4]. This target was 
based on advice from the committee on climate change (CCC) report: Building a Low-carbon 
Economy. The 80% target includes GHG emissions from the devolved administrations, which 
 currently accounts for around 20% of the UK’s total emissions. There are sceptics who think the UK 
will fall short of the targets set for 2020. Data shows that in 2010, the UK produced just 6.5% of 
electricity from renewable sources, 3.5% short of its target [5]. In 2011 this climbed to 9.6%, still 
short of the 2010 10% target and well below what is required of the binding legislation, Climate and 
Energy Package, set by the EU.  
Buildings are responsible for 40% of global energy use and contribute towards 30% of the total 
CO2 emissions [6]. The Energy Performance of Buildings Directive 2010/31/EU requires efficiency 
improvements to be implemented in all new EU buildings, with a requirement that from 2020 all new 
buildings constructed should be “nearly energy zero” [7]. Buildings and other developments can also 
damage the environment, through poor waste management of inefficient use of resources. Therefore, 
energy efficiency in buildings is critical in order to reduce the energy use and improve the local 
environmental sustainability [8, 9]. The UK is facing a significant but exciting infrastructure 
challenge. This paper provides a comprehensive review of the available methods for analysing and 
evaluating energy performance in buildings within the UK.  
1.1 Energy efficiency in the UK 
    Within the UK, there is a large push towards micro generation. This is defined as, 
“the small-scale generation of electrical power, through means such as solar or wind power.” 
    Households create their own energy through renewable sources such as solar, wind or, in some 
cases hydro power. The government is pushing individuals to generate their own energy through 
incentives such as reduced value added tax (VAT) on micro generation products, capital grants for 
householders and Government policies, such as the Renewable Heat Incentive (RHI) [10] and the 
Feed-in Tariff (FIT) [11]. 
Electrical generation in the UK 
The trend in UK electrical generation closely follows the demand. Electrical generation has 
reduced slightly over the past three years but not significantly. Table 1 lists the details of the total 
generation versus supply [12]. In the last three years, the UK government have had to increase 
imports on electrical energy from other countries. Table 2 shows how these have changed over the 
last three years compared to the energy usage within the UK [12]. Of the 2013 generation, 
approximately 30% was produced from primary sources such as nuclear, wind and hydro while 70% 
from secondary sources such as coal, gas and oil [13]. Approximately 30% of usable electrical 
energy generated is used within the domestic market. This is more than any other field, albeit only 
slightly more than industrial usage at 26% or transport and services at 28%. It demonstrates that the 
domestic sector has a large impact on the electrical energy usage within the UK and any reduction in 
usage will have a profound effect on the overall electrical generation. Figure 1 demonstrates the 
electrical production and usage within the UK. What is striking about this is the vast amount of 
energy lost in conversion, transmission and distribution within the network. If the properties can 
produce electricity on site and not require any sort of input from the grid, this would not only reduce 
these losses but also reduce the reliance on fossil fuel. Micro generation technology such as solar, 
wind and micro combined heat and power (micro-CHPs) may be the solution required to bring in 
these changes required to meet such targets as mentioned in the introduction [14-16].  
 
Baxi, a British boiler and micro-CHP company, claims that the use of multiple CHP systems 
built close to the power consumption point would be much more efficient than having centrally 
located power plants, due to the energy lost in transmission and transportation. They also claim that 
the use of six million Baxi Ecogens would generate enough electricity to allow one power station to 
close [17]. If a move away from finite resources, such as gas, and a transition to cleaner energy is to 
be realised, a cleaner and cheaper source of electricity needs to be exploited. New technologies in the 
national grid, such as the smart grid, can allow for larger loads on the network. A recently 
announced, government-backed proposal for lagoon power plants would also allow for electricity 
 generation to be increased as and when is required by the grid. However, these are in the preliminary 
stages of planning and would not be operational until at least 2022 [18].  
 
    It is generally accepted that for the UK to meet its ambitious carbon targets, as explained in the 
introduction, then electricity should be generated from renewable sources. The Committee on 
Climate Change (CCC), an independent advisory board to the government, gave predictions of what 
could happen to the carbon intensity of electricity generation until 2050. This is demonstrated in 
Table 3 [19]. If the government’s ambitions on renewable energy and low carbon sources are met, 
these targets could be achieved on schedule. Even if these targets are not met completely, as the 
carbon intensity of the energy supply reduces, the impact on the emissions of heat pumps will also 
reduce. 
 
1.2  Energy efficiency programmes and their effect on the UK economy 
In order to reduce Carbon emissions, the UK launched the Low Carbon Buildings Programme 
in April 2006. This scheme gave grants to homeowners and businesses with various on-site micro 
generation installations such as solar power, heat pumps etc. However, it was not taken advantage of 
by the public as shown in the Figures from the first two years in operation. Only 444 grants for 
ground source heat pumps were awarded in the years between 2006 and 2008 [19]. 
 
    The influences on sales of environmentally friendly energy solutions include the climate, 
government policy, energy prices, availability of competing energy resources, electricity supply and 
generation characteristics, housing characteristics, history, geography and geology. For example, a 
large growth in heat pump sales has been recorded in New Zealand. One reason is that New 
Zealanders tend to heat one room in the house rather than the whole home as in the UK. The majority 
are also used for cooling as well, meaning that energy is required all year round. There are also very 
different economic, technical, energy-related and social contexts in New Zealand to the UK [19]. In 
Sweden, many elements have contributed to the rise of heat pumps as a popular form of heating. 
These include high awareness in the public space, environmental concerns and a government support 
programme [20]. 
 
The UK government have a target to achieve 12% of heating in domestic buildings from 
renewable sources by 2020. In light of this, the government created two schemes designed to attract 
homeowners and businesses to using micro generation techniques: The Feed in Tariff and the 
Renewable Heat Incentive. Many open published literatures have commented on how financial 
incentives can be very effective in attracting customers to using green energy systems [20]. Although 
the ultimate goal is to have a completely carbon neutral country, it is not necessarily desirable to 
achieve this in a short timeframe. 
 
    As various incentives come to fruition, there is a concern that the skills required to meet the 
demand of installations are lacking. This could result in the public becoming disillusioned and 
reacting against energy saving installations. This is of particular concern within the heat pump 
industry where installation requires a high skill level to achieve suitable results. Evidence in Japan 
showed a premature uptake of solar installations due to a government-backed grant. The skillset was 
not available which lead to substandard installations and a backlash against the industry [21]. Further 
evidence from Singh et al. showed that the loss in consumer confidence is something that the 
government is concerned with [22]. This could have a long term effect on the popularity of heat 
pumps within the UK and is something that the government need to take into account. However, if 
there is little demand for heat pumps, possibly as a result of no government backing, there will be 
little incentive for companies to acquire the necessary skills. It is a fine line that the government must 
balance. Over time the government have been flexible with the amount of backing given through 
 various schemes. Initially incentives have been high in order to encourage early adopters. The 
incentives for the end user tend to track the costs of adoption for the technology. The Department of 
Energy & Climate Change (DECC) notes that the government originally intended for users to receive 
a 5% payback through the feed in tariff scheme. The tariff has therefore had to adapt in order to 
follow this 5% rule.  
Feed In Tariff 
    The feed in tariff (FIT) is a government backed scheme that is designed to promote the use of 
small scale, renewable energy. Introduced in April 2010, users receive payments for each kilowatt 
hour produced though renewable sources and for each kilowatt hour sold back to the national grid 
[5]. 
The following renewable energy technologies are eligible for the scheme: 
•   Solar photovoltaic (PV) with a total installed capacity (TIC) of 5 MW or less 
• Wind with a TIC of 5 MW or less 
• Hydro with a TIC of 5 MW or less 
•   Anaerobic digestion with a TIC of 5 MW or less 
•   Micro combined heat and power (Micro-CHP) installations with a TIC of 2 kW or less. 
 
As previously noted, the rate paid for each unit of energy generated and each unit of energy 
exported back to the grid has been reduced since its introduction in 2010. Consultations were carried 
out by the government to reduce the FIT rate as it was no longer economically viable. This was 
mainly due to the prices of the micro generation projects reduces so much. Although the government 
originally aimed the FIT to provide a return of approximately 5%, the lower initial cost meant that 
much higher percentages were being realised. An initial reduction was announced on 9th June 2011, 
with further reductions on 31st October 2011 [23]. The initial reduction announced in June 2011 
shows a reduction of between 38% and 72% in the FIT (Table 4) [17]. The number of registrations 
for the FIT is demonstrated in Figure 2.  
 
The surge in registrations before the new rate is applied is repeated before every new reduction in the 
tariff thereafter. These peak periods show the time where users can install micro-generation systems 
for the least amount of money but still get the higher rate from the tariff. This demonstrates that the 
financial gains are an important factor for users when considering installation of micro-generation 
systems. Since these reductions, further reductions and variations of the FIT have been created, 
including different rates to suit different technologies used and different capacities generated. 
Current FIT rates are displayed in Table 5 [24]. 
Renewable heat incentive 
Another strategy from the UK government, designed to achieve the targets set by the EU, is the 
Renewable Heat Incentive (RHI). It incentivises users, by means of financial reward, to use 
renewable energy when powering their home. Initially created for the non-domestic sector, the 
domestic RHI was launched in April 2014. It provides quarterly payments for seven years for the 
amount of clean energy used in the households heating systems. Although it is available to all users, 
both on and off the gas grid, users off the grid may find it easier to reach the savings targets set as 
they tend to have the most potential for saving.  
 
The incentive is available for the following heating types: 
•   flat plate and evacuated tube solar thermal panels; 
• air source heat pumps; 
• ground source heat pumps; 
•   biomass only boilers and biomass pellet stoves. 
 
 As well as using at least one of the four heating systems stated, users must also stay within the 
regulations of the incentive. If this is the case the users receive payments for the amount of energy 
produced from that heating system. Table 6 shows the details of the payments households receive per 
kilowatt hour through the RHI [25].  
 
    A user should note that regardless of whether the dwelling is attached to the energy network or 
not, they will still receive payments for the energy produced. If the dwelling is attached to the 
network, this opens up the possibility of selling energy back to the grid through the use of the 
governments FIT scheme. 
    In the first eleven months, 25,000 domestic dwellings were accredited to receive domestic RHI 
payments, saving nearly 1.4 MTCO2 over their membership lifetime [24]. It is mainly aimed as 
households that are not attached to the mains gas supply. 
1.3 Factors affecting the energy efficiency of a building 
In order to reduce the energy usage of a building, it is important to identify what is the main 
usage of energy and where the most efficiency gains can be made. With data from government 
sources and studies carried out, the sources of emissions by the end user can be categorised into 
heating and domestic hot water, lighting and large electrical appliances.  
 
According to the Department of Energy and Climate Change (DECC): 
• energy used for heating homes has increased by two-fifths since 1970, although it fell from 
2004 to 2009;  
•  less energy is used now for water heating and cooking in homes than it was 40 years ago; 
• more energy is now used for lights and appliances in homes than it was in 1970 [25]. 
 
    Figure 3 demonstrates the key aspects of creating an energy efficient building. It details the use 
of both active and passive systems that contribute to a low energy building. Passive design strategies 
such as the building envelope and orientation allow the building to utilise solar irradiation as well as 
providing more light. The use of energy efficient technologies to meet the electrical and heating 
demands of a building is also demonstrated. These will be focused on in the current paper. 
Energy usage 
Energy usage is strongly dependent on users’ behaviour and varies massively between 
individuals or households. It is extremely important when considering energy usage to take an 
average of a usage in order to evaluate what is the most suitable to the maximum number of users. It 
is also important to evaluate this over a relatively small area as climates and therefore usage can 
change dramatically from region to region. For example, space heating usage in the north of Scotland 
tends to be higher than that of the south of England, where ambient temperatures are typically 
slightly higher [26].  
 
Within all housing throughout the UK the median electricity bill is £424 based on annual usage 
of 3,300 kWh. The median gas bill is £608 based on annual usage of 16,500 kWh according to the 
Office of Gas and Electricity Markets [27]. The ratio of average energy used between electricity and 
gas is roughly 1:6. The total energy usage is equal to almost 5.5 tonnes of carbon dioxide per 
household annually.  
 
Figure 4 shows the average fuel usage per household in the UK. It is obvious that if emissions 
can be cut from heating, it will have a large impact on the emissions generated. Hot water and 
appliances are also responsible for a large percentage of emissions so it is important to analyse how 
these can be reduced remarkably.  
 
 The Low Carbon Transition Plan has set a transition budget to reduce the demand for gas to 
heat UK homes by 27% of the 2008 Figure by 2020 [28]. This must either be done by replacing gas 
heating with another form or creating better insulated buildings to reduce gas consumption. There are 
approximately 21.9 million consumers attached to the gas network within the UK [29]. As the UK 
gas network is divided into various networks, the number calculated is the total from each of the 
networks consumer base. The networks used are Wales and West Utilities, Northern Gas Networks, 
The National Grid and SGN. This has a large impact on the type of energy supply chosen for a 
household as gas is cheap and relatively easy to install. 
 
In the last 40 years, installation of central heating systems has increased rapidly, leading to less 
than 4% of housing not having it installed (see Figure 5). This has led to an increase in average 
household temperature from 13.7 °C to 17.3 °C, due in part to the increased aspirations of warmth 
and expectations of how this can be achieved [26]. 
 
According to the UK Housing Energy Fact File 2013, a government-produced document 
detailing energy usage in UK homes, the percentage of a households energy used on lighting has 
increased steadily from 1970 to 2002. However, from 2003 till now it has reduced as a faster pace 
[30]. This aligns with the withdrawal of the sale of incandescent light bulbs and the advent of energy 
saving bulbs such as compact fluorescent lamps (CFLs), halogens and light emitting diodes (LEDs). 
Although the usage of light bulbs has increased, especially in kitchens and bathrooms, the use of 
energy saving bulbs has reduced the energy consumption massively. The UK government have said 
the banning of incandescent light bulbs will bring an "average annual net benefit" of £108m to the 
UK between 2010 and 2020 in energy savings. It is also predicted to bring net savings each year of 
0.65 MtCO2e and 0.3 TWh by 2020 [31]. 
 
Energy usage per capita peaked in 1990 and has now decreased by 15% since. However, there 
has been approximately a 10% increase in population since then. Overall this means energy 
consumption in the UK has reduced slightly since 1990 [2]. For heating and domestic hot water, 
Scotland has the largest average gas consumption per meter of the whole of the UK. The south east 
of England has the least [25].This is not surprising due to the difference in climates.  
Energy rates in the UK 
The largest energy company in the UK is British Gas, serving approximately eleven million 
homes as well as nearly one million businesses in the UK [32]. The rates of their standard variable 
tariff are detailed in Table 5 and these are the rates that will be used when calculating the financial 
viability of various design features. 
 
    Table 7 shows the cost varies dramatically from different energy sources for each unit of 
energy. Electricity is roughly three to four times more expensive than other forms [32]. The price of 
oil on the international market affects the price of the domestic energy and this is shown in Figure 6 
as domestic oil prices roughly follow that of electricity [30]. Although this is generally the case, 
there seems to be a dip in the oil price between 1998 – 2003. The other energy sources seem to either 
stay fairly stagnant or rise around this time. 
1.4  Domestic dwellings within the UK 
In order to affect the most households and therefore decrease the largest amount of overall 
emissions, it is important to establish which dwelling type is the most common in the UK. According 
to the Office for National Statistics 2011 census, of the 23.4 million households in England and 
Wales, 42% are 3 bedroom houses. It also shows that most popular type of dwelling is a 
semi-detached house which makes up 30.1% of housing with a usable floor area of 91 m². The most 
common number of people in each household is 2. The average usable floor area is 91 m². This data 
 is all taken from England and Wales due to this being the largest proportion of the UK. The data was 
not available for the UK as a whole [33]. 
 
According to the English housing survey 2010, the average ceiling height is 2.5 m. However, 
this is gradually reducing due to standard plasterboard being produced in 2.4 m high pieces [34]. 
Within UK homeowners, the average household moves every 7 to 8 years [35]. If this is taken into 
consideration, it is reasonable to have eight years as the maximum payback period for investing in 
new energy saving technology. Although some may argue that it is worth the investment for the 
environmental impact alone and that it can add value to the property, this must be taken into account 
as it is a consideration that most people will concern.  
 
In 2014, 137,010 new houses were built in England, an increase of 10% over the previous year 
although 25% lower than the peak in 2007 [36]. As more new houses are built, bringing the benefits 
of better insulation and newer technology, the energy usage will reduce and the opportunity for more 
technology to be implemented is increased. 
 
    Figure 9 shows the conditions that are deemed comfortable are between 19 °C and 28 °C 
according to the ASHRAE-55 Standard. The blue and red zones represent the clothing insulation 
level typically worn when the outdoor environment is warm and cool, respectively [37]. Anything 
above or below this will be considered too hot or too cold. The humidity also changes the most 
comfortable operative temperature, with anything about 90% considered uncomfortable. These 
standards will be maintained throughout the study when possible. 
1.5 Standard assessment procedure 
The Standard Assessment Procedure (SAP) has been adopted by the government in order to 
assess and compare the energy and environmental performance of domestic dwellings. Developed in 
1992 as a tool to help deliver energy efficiency policies, it provides an accurate and reliable 
assessment of energy performance in domestic dwellings. More recently, it has been adapted to the 
Reduced Data SAP (RDSAP) in order to cut the costs of performing the procedure. This still gives an 
accurate assessment with the less important data left out. This is used for existing buildings. 
However, for new buildings the standard SAP is undertaken [38]. 
 
    SAP works by defining a certain level of comfort and calculating how much energy is required 
to maintain that comfort level. It is based on assumptions for occupancy and behaviour and, therefore 
must be taken only as a guide as it could be different for larger or smaller households with varying 
usage patterns. SAP enables the user to compare the energy efficiency properties for dwellings on a 
like-for-like basis.  
The outcomes of SAP are given in terms of: 
• The energy usage per unit floor area; 
•   A fuel-cost-based energy efficiency rating (SAP rating); 
•   Emissions of CO2 (Environmental Impact Rating); 
    These are all calculated, based on the estimation of the annual energy consumption from 
heating, domestic hot water (DHW), lighting and ventilation. Every new house has to have a SAP 
rating which is expressed on a scale of 1 to 100 - the higher the number, the better the rating. The 
latest version of this document is SAP 2012 version 9.92 [12]. Although use of SAP is widespread 
throughout the building industry, there have been studies that demonstrate that it is not as accurate as 
it could be and can lead to perverse incentives being created and therefore, additional CO2 emission 
[38]. 
 1.6 Energy efficiency technology and their financial viability 
    A large factor in reducing energy consumption is the use of technology when generating 
electricity or heat. There are many technologies that the user must consider in the design of a 
building that all have various advantages and disadvantages. The use of technology can be affected 
by many variables including geographical location and the access to local gas and electricity 
networks. For example, the use of solar panels may be more suited to a hot country with a high solar 
irradiance whereas the use of wind turbines will be more suited to locations where wind speed is 
high, constant and steady. 
1.7 Heat pumps 
As part of EU directives to increase the energy efficiency within buildings, heat pumps have 
become a very popular as a source of heating [39, 40]. They come in two forms: a ground source 
heat pump (GSHP) [41, 42] or an air source heat pump (ASHP) [43, 44]. These both work by 
extracting low temperature heat from the surrounding land (typically a garden) or air and increasing 
the temperature through an electric pump and compression system [19]. The GSHP has a pipe that is 
buried usually about two metres below ground. At this depth the temperature of the ground can be 
very different to that of the top layer and stays at a constant temperature. This allows the heat pump 
to work effectively all year round as the temperature remains fairly constant. The more common type 
is an ASHP which draws air in through a fan. They can usually operate at temperatures as low as -15 
°C when, even at this low temperature, heat can still be extracted. 
 
For some reasons, heat pumps have not had the popularity in the UK that has been demonstrated 
in other parts of Europe [45]. Figure 10 demonstrates the number of heat pumps in the UK compared 
to other countries within Europe. This lack of uptake may be due to lack of awareness of the 
technology or simply due to economic reasons. 
 
    There are a few countries in the EU that contain a large market for heat pumps, including 
Germany, France and Sweden. However, in many other countries the market remains small. Data 
from sales show that 102,400 GSHP’s were sold in the major EU markets in 2007 (14 countries). 
Popularity of ASHP was 4.5 times more than that of GSHP in eight European markets in 2008 
despite lower energy efficiency credentials. The global financial crisis in 2008 led to a drop in sales 
of heat pumps throughout Europe. Since 2008 demand for heat pumps of both formats has been very 
changeable with a decrease of 7.9% in the heat pump market between 2011 and 2012 [46].  
Efficiency 
The major benefit of using heat pumps is widely considered to be the energy efficient 
credentials that they achieve. This can not only reduce energy bills but also reduce the carbon 
footprint of the building [47]. According to the energy saving trust, users changing from a 
non-condensing gas system to a ground source heat pump can save between £410 and £595 per year. 
This is not including the government funded Renewable Heat Incentive which provides a payment of 
19.10 p/kWh generated from the GSHP or 7.42 p/kWh for ASHP [48].  
 
    When calculating how effective the use of a heat pump is with various heating systems and 
insulation levels, the coefficient of performance must be calculated. This will indicate how many 
units of heats can be generated from one unit of energy input. The maximum theoretical coefficient 
of performance (COP) of a heat pump in terms of the Kelvin temperatures of the warm condenser 
(T1) and the cool evaporator (T2) is: 
𝐶𝑂𝑃𝑚𝑎𝑥 =  
𝑇1
𝑇1 −  𝑇2
 
where 𝑇1  is the temperature of the warm condenser and 𝑇2  is the temperature of the cool 
evaporator. 
  
Fawcett et al. suggest that the maximum COP for a heat pump providing a temperature of 35 °C 
when the outside temperature is 2 °C is 9.3. However, this is reduced if the heat pump is connected 
to a high temperature heating source such as radiators or used for DHW. In reality this high level of 
efficiency is difficult to be achieved. One company suggests that the use of an ASHP barely 
improves the efficiency over a condensing boiler which is not only cheaper, but also easier to install 
(An ASHP has a COP of 1.75 with this setup compared to an efficient condensing boiler of between 
1.7 and 1.9) [49]. However, the ASHP would only be more suitable if there was no mains gas supply 
to the building.  
 
This is a theoretical efficiency and it does not take into account any discrepancies such as 
temperature fluctuations and heat loss in the system. An obvious but important observation is that, as 
the difference in the temperatures reduces, the efficiency of the heat pump increases. Table 8 
demonstrates the relationship between the input and output temperature and the coefficient of 
performance of two air-source heat pumps. The efficiency of the heat pump is dependent on the 
difference in the temperature of the warm condenser and the cool evaporator. When a large 
difference is present, the efficiency of the pump drops dramatically. For this reason, heat pumps 
work most effectively when used in conjunction with a low temperature heating solution such as 
under floor heating (typically operates at 30-35 °C) and oversized radiators (typically operates at 
40-55 °C) [19]. With the temperature of traditional heating systems of about 60-75 °C, the COP of a 
heat pump reduces dramatically. Again this means that for a lot of UK households, having a heat 
pump will not be as efficient as first thought unless a new heating system and insulation is installed. 
 
Despite being part of the RHI, there is evidence that the installation of a heat pump is not as 
environmentally friendly as first thought. In terms of CO2 emissions, the average heat pump actually 
produces more CO2 than a gas condensing boiler due to electricity production within the UK. 
According to a report on the role of heat pumps in the UK, the energy generated in the UK is carbon 
intensive [50]. As heat pumps require electricity to operate, the carbon emissions generated rely on 
having a clean source of electricity supplied to the pump. This means that heat pumps can only be 
effective in reducing the carbon emissions of a household if the supply of electricity is a clean, 
low-carbon source.  
 
    Figure 11 details how the carbon emissions of a heat pump are currently higher than that of a 
gas boiler [19]. As electricity is generated from cleaner sources, this will change in favour of heat 
pumps. There is much literature suggesting that in order for this to change, three transitions unrelated 
to heat pumps must occur:  
i) A transition to low carbon electricity supply; 
ii) A transition to well-insulated housing stock via retrofit; 
iii) A transition to low temperature household heating systems [19]. 
 
    Unfortunately all three of these conditions require long term investment, especially within the 
UK where the housing stock is relatively old [51]. If all three conditions are met, the use of a heat 
pump could be an efficient and environmentally sound option for generating heat within a domestic 
dwelling.  
Other issues 
Heat pumps are quite complex machines that require a specialised installation. This means there 
are few people with the skillset to install them, which increases costs. As they become more popular, 
it is reasonable to presume that more installers will be trained, resulting in a lower cost and higher 
quality installation [22]. Heat pumps also have a predicted longer working life than that of 
conventional gas boilers (25 years compared to 15 years) meaning they could provide a more 
 suitable long term investment. As heat pumps use electricity to generate heat, often at peak periods, 
it may be challenging for the government to meet these demands. As previously mentioned, the 
introduction of a smart grid and cleaner technology should reduce this issue.  
 
    Fawcett et al. are very positive about heat pumps at the start, saying that they are widely 
believed to be a major contributor to reducing carbon emissions in UK heating supply [19]. 
However, it goes on to say this view of the future is a long way off as the current use of heat pumps 
is very low. The main reason could be the installation cost and that installation only seems to take 
place in housing unconnected to the main natural gas supply. The paper also says that an efficient gas 
condensing boiler will produce lower carbon emissions than a heat pump due to the high carbon 
electrical supply that the UK has. However, there is no reference for this or much information 
backing it up so should not be taken as solid information. As more modern houses are being 
constructed (160,000 every year according to the UK housing fact file 2013), the use of heat pumps 
will become a more viable option, due to better insulation values and a more realistic option to install 
low temperature heating systems. 
Financial viability in house design 
As mentioned previously, the financial aspects are very important to most people when 
considering energy use in the home. The weak uptake in the UK is partly due to the upfront costs 
being far too high and the reduction in bills seems too small to justify it. A survey of GSHP adopters 
shows that most were happy with the installation but only 40% got the financial savings that they 
expected [52]. This either means that they had unrealistic expectations or that it the heat pumps were 
not saving as much money as they could do. The survey found that most of the adopters found the 
system not easy to use and a quarter of users complained about the slow response time and inability 
to heat rooms to the required temperature. The energy saving trust suggests that, in general, the 
simpler the heat pump setup, the more efficient the system is which explain that complications in 
using the system may result in a lower efficiency.  
 
According to the energy saving trust, if an old electric heating system is used, the user could 
save approximately £420 per year for a GSHP or £300 per year for an ASHP. However, compared to 
a gas boiler costing around £2,500 to install, the annual cost seems to be very similar due to gas 
being significantly cheaper than electricity [53]. The cost of installation of an ASHP is between 
£7,000 - £11,000 and while for a GSHP is £11,000 - £15,000. The Office of Gas and Electricity 
Markets predicts that electricity costs will rise relative to gas [24]. The report compared four 
different scenarios with all four showing a rise in electricity prices compared to gas in the UK. This 
means that the cost of using a heat pump may increase compared to that of a gas boiler. Obviously 
price is a large factor when purchasing a new heating system and these results do not favour heat 
pumps. With financial backing from the government, this could be offset to become slightly more 
reasonable. However, most of the evidence suggests that running costs will not be reduced 
significantly over the lifetime of the product [53]. This also continues to suggest that the quality of 
installation of the heat pump plays an important role in the efficiency. As installers gain more 
experience as sales increase, the efficiency of heat pumps should also increase. 
 
The FIT is not available to users of heat pumps. However, the RHI provides a favourable rate of 
7.42 p/kWh for ASHP and 19.10 p/kWh for GSHP. When calculating the payments of the RHI, the 
estimated annual heat load is required for the building. This is provided from the Energy 
Performance Certificate (EPC) for the building. A Seasonal Performance Factor (SPF) that measures 
the efficiency of the heat pump is also required. The heat pump changes efficiency depending on the 
difference in temperatures, as was previously detailed. This means that a high degree of insulation 
will be required in order for the heat pump to be effective and maintain a high SPF. If the SPF is 
below 2.5 then the heat pump will not be legible for the RHI scheme. This ties in with the difference 
 in efficiency of gas boilers and heat pumps demonstrated in Figure 11. In order to calculate the 
annual energy suitable for the RHI the estimated annual heat load is multiplied by (1-1/SPF) [27]. 
 
Without a reliable set of information, it is difficult to predict exactly how much energy and 
money would be saved as a result of installing a heat pump. However, in a new build house with a 
low temperature heating system, such as under floor heating, it can be assumed that the use of a heat 
pump would be economically viable. As electricity sources become cleaner, the use of a heat pump 
will also gradually improve the environmental aspects. Also with the use of solar PV panels, 
electricity generated on site may also allow the energy used to be clean.  
 
    The average annual UK heat demand is 14,256 kWh (space heating and DHW from Figure 4). 
A heat pump with an SPF rating of 2.6 is used as a demonstration to show how the lowest suitable 
efficiency will provide a payback. The annual suitable energy is calculated using the following 
formula: 




This gives an annual suitable energy of 8773 kWh which is multiplied by the rate for a GSHP 
(19.10 p/kWh) giving an annual payment of £1675.62. As the RHI is only available for 7 years, the 
total from the RHI is £11729.40. This is the worst possible outcome as the SPF rating could be larger 
due to great insulation and a low temperature heating system being implemented. If the SPF rating of 
the heat pump was higher, for example 3.6, the annual suitable energy for the RHI would be 10,296 
kWh, providing an annual payment of £1966.54 or £13,766.75 over the RHI duration. Due to heat 
pumps using less energy per unit of heat energy provided, the cost of heating is decreased. The 
energy savings trust predicts a reduction in fuel bills by about £410 - £595. However, this is when 
compared to an old non-condensing boiler, not a new efficient boiler. Although there does not seem 
to be much research into how much energy is saved, it could be expected that the savings will be 
minimal, if anything at all.  
 
    In a new build with a high level of insulation and low temperature heating system, the SPF 
achieved by the heat pump will be high, meaning the financial viability is suitable. However, this 
does not take into account interest rates and is relying on a highly efficient house design anyway. In 
terms of environmental savings, heat pumps can perform well and will increase in performance as 
electricity generation becomes cleaner. However, Fawcett et al. compared to a modern gas boiler the 
average heat pump installation and concluded that the average ASHP installation generates 38% 
more emissions than a modern boiler. The average GSHP generates 14% more emissions. As has 
been discussed, the complex installation of a heat pump, lack of skills in the UK and high reliance on 
fossil fuels could contribute to this as will the lack of low temperature heating systems and 
insulation. As these change over time, the use of heat pumps will become more and more efficient. 
1.8 Solar 
One renewable energy source that is largely untapped is that of the sun. Energy can be 
harnessed from the sun to generate electricity and also heat. In a similar way to heat pumps, the 
influence of government incentives, reduced costs and environmental credentials have boosted the 
popularity of solar energy generation. Use of photovoltaic (PV) panels for electricity generation has 
increased massively in the UK over the past few years due to a reduction in costs, government 
incentives and greater public awareness of climate change [54]. 
 
Due to human activities, the climate has been changing massively in the last few decades. One 
aspect of this is the change in cloud formations, which has an important influence on electricity 
generation within solar panels. By 2080, summer cloud cover is expected to decrease in southern 
England by up to 18% but increase in parts of northern Scotland by up to 5% [55]. During the winter 
 period the cloud cover is predicted to be fairly small but still occur. This will have a profound effect 
on how much energy is produced through solar techniques in the future.  
     
Definition of Solar Irradiance - The rate at which radiant energy is incident on a surface per unit 
area of surface measured in W/m2 (watts/meter squared) [56]. 
    Figure 12 demonstrates how the most suitable location in terms of solar irradiance in clearly in 
the south of England [54]. Although Scotland would still allow some solar generation, there are 
areas, particularly in the highlands, where the solar irradiance is almost half of what is available on 
the south coast of England (about 74.5 Wm-2 compared to 123.4 Wm-2).   
Photovoltaic 
    Photovoltaic (PV) panels can provide electricity using energy harnessed from the sun. Recently 
the popularity of solar panels has increased dramatically, prompting the government to revise up the 
estimated energy generated through PV systems [57, 58]. This surge in popularity has been the result 
of plummeting installation prices, helped by numerous Chinese manufacturers entering the market 
and various government backed incentives throughout Europe [59]. A 2 kW solar PV system on a 
roof in the UK should save 1 tonne of carbon a year. However, as will be discussed later, the location 
within the UK can have a significant effect on the output of the system. 
Solar thermal 
    In a similar way to PV systems, solar thermal technology allows heat energy to be generated 
from the sun, primarily for hot water purposes [60]. According to the energy saving trust, it can 
reduce hot water bills by approximately £65-£125 per year depending on the system that it is 
compared to (a gas system costs less to heat water than an electric system and therefore saves less 
money comparatively). The use of solar thermal technology also qualifies for the RHI making a 
predicted saving of £195 annually for a two person household. This rises to £470 when a household 
contain six people. 
Hybrid (PVT) 
A hybrid of PV and thermal panels (PVT) allows the user to generate heat as well as electricity 
[61-63]. A PV system can reach high temperatures which affect the efficiency of the system. By 
using a cooling fluid, not only can the PV system become more efficient, the heat extracted can be 
useful for DHW or space heating. However, larger costs and a conflict between efficiency in the 
electrical and heating production associated with hybrid systems have restricted uptake in the 
mainstream [2]. 
 
One study has found that 51% of the total electricity demand and 36% of the total hot water 
demand over a year for an average house can be covered by a photovoltaic thermal hybrid system 
[2]. In this assessment, the flow rate of the PVT system and the covering factor of the collector with 
PV were changed in order to assess the more effective combination. Other conclusions are also 
drawn that can maximise the efficiency.  
 
Figure 13 shows a schematic diagram of the hybrid photovoltaic thermal system, detailing the 
energy flow within the system. With the bypass deactivated, the normal operation consists of water 
being pumped to the solar collector where it is heated. This then flows through the water tank, 
heating the tank contents as it flows and then returns to the solar collector, via the pump to be re 
heated. There is a bypass valve that allows the water to be passed through the collector without 
losing heat in the tank. This is to ensure that the water increases the temperature within the tank 
rather than decreasing it. When hot water is required, it is pumped through an auxiliary heater in 
order to heat the water to a suitable temperature. When this temperature is below that of the water 
contained in the tank, the water is mixed with the cold water supply in a mixer. The study using this 
 design is solely focusing on the efficiency of the heating system so the use of a mixer is not being 
considered.  
 
    In order to achieve these results, it was concluded that the system must adapt to the following 
conditions: 
• The pump ceases operation between 6 pm and 6 am the next day. This is due to very low 
solar irradiance and the temperature of the PVT unit being lower than that of the water 
entering the collector. 
• Water bypasses the storage tank and is re-circulated through the PVT unit when the water 
temperature is between the inlet flow temperature and the hot water storage tank temperature. 
In the test this occurred between 6:30 am and 9:00 am. 
• Bypass is deactivated, sending water through the tank heat exchanger when the temperature is 
higher than both the exit of the collector and the temperature exiting the heat exchanger. 
• Even though between 17:30 and 18:00 the temperature difference in the input and output of 
the collector is smaller than the temperature difference in the input and output of the 
exchanger, the bypass is still deactivated and the pump is still run. This was found to be 
beneficial as less heat would be lost from the collector. 
 
    This could change depending on the type of PV and thermal panels used as well as the location 
of the building. This test was carried out on a house in London where the solar irradiance is vastly 
different to other parts of the UK (see Figure 12 map). The timing of the test is also important. As 
this was undertaken on a day in July when the days are long and the solar irradiance is high, the 
results could be vastly different to those in the middle of winter. The system could be developed to 
automatically adjust the pump activation with regards to solar irradiance and various temperatures 
within the system in order to achieve maximum results.  
Solar angle 
The angle and orientation of the panels are extremely important with the face of the panel 
perpendicular to the sun for the longest time possible [64]. It has long been accepted that panels 
should point towards the equator as this receives the most solar irradiance. However, the optimum 
angle can change between location depending on monthly, seasonal and yearly variations in solar 
radiation [65], mainly due to the angle of the sun varying as the seasons change. In the middle of 
winter, the sun is lowest meaning the angle of the solar panel needs to be much larger to the 
horizontal surface. Similarly, the angle should be lower to the horizontal as the sun rises in the peak 
of the summer. The change can be so large that even within one city the optimum angle can be 
between 20° and 30° with a small change in the efficiency of the panel [66]. As the sun also moves 
throughout the day, the most appropriate angle should be selected to capture the maximum solar 
irradiance. 
 
Many studies have been undertaken to find the most suitable average angle for solar PV and 
thermal panels over the years. According to Siraki et al, the most suitable angle can be calculated 
with the following steps. For the average household this is a complex procedure to undertake and 
requires a vast amount of knowledge and many calculations. To simplify it, the angle of the sun can 
be calculated and the suitable angle of the panels (perpendicular to the sun) predicted. This may also 
be constrained by the angle of the roof that the panels will be mounted upon.  
 
    Glasgow has a latitude of 55.86° North and longitude of 4.25° West with an average annual 
solar irradiance of approximately 96.3 W/m2 [67]. During the winter solstice, the angle of the sun in 
Glasgow is approximately 11° to the horizontal, while the summer solstice it rises to 58°. The spring 
and autumn equinox have an angle of 33° (see Figure 15). Both the winter and summer solstice angle 
is only available for a short period of time during the day so it would not be suitable to place a fixed 
 panel at this angle. The angle of 33° at both spring and autumn equinox will be repeated in the year 
so it logical to have the angle of the solar panels fixed at this angle to supply the maximum output 
throughout the year. Unfortunately this means that the angle of the panels is not as efficient as it 
could be for much of the year, reducing their effectiveness. 
Solar tracker 
As previously discussed, there are many studies that use complex equations when determining 
the optimal angle of the panels. Although these are accurate and take into account many atmospheric 
variations of the location, it is over complicated for a simple design and requires adjustment every 
few weeks in order to track the sun’s positioning. For domestic use, this is not feasible or convenient 
which leaves the designer with two options: to install angled panels that will generally give the best 
performance or to install a solar tracker. 
 
Solar tracking devices [68,69] can be used for monitoring the sun’s position and optimise the 
panel angle and direction. Manufacturers’ estimates vary between 20% - 60% better efficiency over 
fixed position panels [70,71]. If the end user is focused on the economic impact of the solar panels, 
the use of a solar tracker may also be beneficial. Although expensive, analysis shows that they 
should have a reasonable payback period and increase the efficiency of the panels (see next section 
for details). This is again dependant on the location of the panels and the angle at which they are 
placed. Trackers are generally more effective nearer to the equator as the solar irradiance increases. 
They are also more effective on buildings where a suitable roof angle is not present, for example, a 
flat roof. Figure 16 demonstrates the difference in using a fixed panel, two single axis tracking 
systems and a multi axis tracker system. It is clear that as both angles are tracked, the energy 
generated is greater throughout the period. If only a single axis tracker was installed then it is more 
effective if it tracks the sun in a north-south direction.  
 
The gains from a tracker vary between locations. However, the increase in energy generation in 
one study is roughly between 20-35% for a two-axis tracking system [72]. Huang et al. suggest that 
the cost of installing a one-axis three position sun tracking PV is similar to the cost of a regular 
rooftop mounting. However, the cost of the tracking unit is much more expensive. The study 
concludes that the energy generation increases between 25-37%. A study of the power generation 
was conducted in Taipei which has a low solar energy resource. Over nine months, the increase in 
energy generated with the use of a tracker was 25.4%. This will be used as the percentage increase 
for the tracker system in the house design. It is expected that a location with higher solar irradiation 
would achieve an increased energy generation of more than 37.5%. A flat roof design or garden area 
may be required for this to be possible. An issue that could occur is the reliability of the technology. 
Units can be prone to breakdown which will increase costs associated with the maintenance [73]. 
 
    From an environmental perspective, the use of a tracker can only be positive as it will increase 
the time the panel is perpendicular to the sun, maximizing the energy generated. However, it may not 
be financially viable due to the cost of installation and maintenance required. With moving parts, a 
solar tracker introduces more risk that maintenance will be required. However, one manufacturer 
claims that the expected lifetime of the solar tracking system is to be approximately 25 – 30 years 
[74]. Although it may be just as effective in the North of Scotland as in the South of England, the 
financial gains will not be as significant simply because of the disparity in solar irradiance available. 
One manufacturer offers trackers suitable for panels up to 20 m2 for up to £3,226.75 excluding VAT. 
Trackers are also available for up to 6 m2 and 16.5 m2 for £1,102.49 and £2,590.89 respectively [71]. 
Companies seem reluctant to provide pricing for domestic solar trackers, making it difficult to 
achieve realistic pricing for installation. The prices noted above will be used in order to calculate the 
payback period.   
 
     Another consideration should be the maintenance required for PV or PVT panels. Although 
generally reliable and expected to last approximately 25 years, panels may require the inverter to be 
replaced prior to this date. The energy savings trust estimates this to be about £800. Although they 
should last longer than this, many companies give a guarantee of 5-10 years on the inverter [75]. 
When taking this into consideration, the financial benefits of using solar decrease dramatically. The 
area of the panel used in the experiment is 15 m2 resulting in the cost of the tracker installation being 
£2,590.89. 
Financial viability in house design 
With the conclusions that a hybrid system not only provides hot water but also increases the 
efficiency of the PV panel, the PVT system would be the most suitable system to implement if it was 
deemed economically viable. Herrando et al. concluded that the use of a hybrid PVT system will 
meet up to 52% of the annual electrical demand and 48% of the annual hot water demand of a 
household [2]. This was on a study in London where the annual solar irradiance is approximately 
109.8 W/m2. As the location of the design is in Glasgow with a solar irradiance of approximately 99 
W/m2, this would be reduced by just over 10%. Therefore it is logical to conclude that the use of a 
PVT system could account for approximately 45% of electrical demand and 43% of hot water 
demand. If the average annual electricity usage is 3,300 kWh and annual hot water demand is 3,762 
kWh per household, it can be concluded that the use of a solar PVT hybrid system could save 1,485 
kWh in electricity and 1,618 kWh in hot water demand annually.  
 
    With the use of a tracking system, this could rise to 1,856 kWh for electricity and 2,022 kWh 
for hot water as this increases efficiency by approximately 25.4%. In order to calculate the financial 
viability of a PVT system and tracker, the energy savings were multiplied by the unit rate of the 
standard variable tariff from British Gas. The electricity supplied is also multiplied by the rate of the 
feed in tariff and the hot water supplied by the RHI rate. As the system used in the test was 2.25 kW, 
the FIT rate used is 13.39 p per kWh. In order to simplify the process, it is assumed that all this 
electricity is used on site and not resold to the grid. This resulted in an annual saving of £479.59 
(£383.72 without tracker) for electricity and £480.00 (£384.11 without tracker) for gas, assuming 
that the system is replacing a highly efficient gas boiler. The tracker is contributing an annual saving 
of £191.76 (£95.89 in hot water saving and £95.87 in electricity). If the tracker is bought for 
£2,590.89, the payback period is just over eleven years. This is without any maintenance that may be 
required. The payback period of the hybrid PVT system is just over eleven years without any 
maintenance. This is calculated from the money saved through lower energy usage and both the feed 
in tariff and renewable heat incentive. It also does not include the savings made with the tracker 
system and uses a cost of the system of £8500, according to Herrando et al. It is clear that the 
financial incentives are only viable as a result of large funding through government incentives. There 
are some research works that question how economically viable this is on a larger scale [3]. 
However, on a domestic scale it seems to be economically viable as well as providing significant 
environmental benefits.  
1.9 Micro combined heat and power 
Micro Combined Heat and Power (micro-CHP) offers an alternative to a gas boiler [76]. 
Although mainly used as a DHW and space heating supply, it also generates a small amount of 
electricity, usually at a ratio of 6:1. This ratio is in line with the average domestic usage of gas and 
electricity as discussed previously. The ratio is different for various types of micro-CHP systems and 
can be used to generate more electricity than heat. One advantage of installing a micro-CHP system 
is that it is designed to replace a boiler unit, meaning that installation is relatively easy and the user 
does not need to change habits or operation of the heating.  
 
 Despite excellent efficiency qualities, the technology is relatively immature and has the 
potential to become even more efficient as the technology advances. Initially the installation of a 
CHP unit is more expensive than a standard boiler as one might expect. However, one paper suggests 
that this will offer a payback period of between 3-5 years depending on the usage [77]. It also shows 
that people seem happy to spend capital on longer-term investment projects such as PV, which can 
be up to or over a decade long. Although financially this is not always a suitable investment, users 
seem to see it as a “money for nothing” investment where very little work is required. The 
satisfaction of helping the environment and having a large proportion of energy effectively paid for 
are two possible explanations for this reasoning. Many studies seem not to take into account the 
maintenance required for various technologies. This could be especially expensive with immature 
technology such as micro-CHPs as the spare parts may not be as readily available and expensive.  
 
One issue with micro-CHP systems is that they need to be on long enough to produce a decent 
amount of electricity. If this is a medium to large house without much insulation, this will not be a 
problem. However, if the system is implemented in a modern, well-insulated house with low heating 
demands, it may not provide too much electricity meaning reduced savings from the investment. As 
the technology develops, the use of higher efficiency products may reduce this need for extended 
periods of use. Harrison suggests that that the development of fuel cells will allow households with 
smaller thermal demands to benefit as a result of a low heat-to-power ratio [35].  
 
As it is a source of micro-generation, it is important the household is connected to the grid in 
order to make sure excess electricity can be exported back to the grid under the feed-in tariff scheme 
(See section feed in tariff for details). Some other countries do not have this procedure available 
which will have an effect on the attractiveness of this option. This connection to the grid is especially 
important in micro-CHPs due to the fluctuation in electricity and heating demands on a single 
property. Having the backup of the national grid means that fluctuations are evened out. In standard 
CHPs which cover larger loads, the demand on it tends to be more constant, predictable and active 
for a longer period of time - 6000 hours per annum rather than 2500 for an average household [35]. 
This means that the electricity generated should adequately cover what is required. Similar to a 
commercial building, the use of a communal CHP would generate better results through the use of 
larger heating and electrical loads. However, even though this may reduce bills and improve the 
energy efficiency of every household within the scheme, it is generally accepted that people prefer to 
have individually owned units and independence in regards to energy supply. This means that a 
micro-CHP system may be preferable. 
 
    Three different types of engine are installed within a micro-CHP system. Stirling Engines offer 
a low pollutant emissions and high combustion efficiency solution for a micro-CHP system [78]. 
They also have a low running cost and long maintenance intervals due to operating without valves 
[35]. One issue that may arise is that they do not provide instant feedback when adjusted due to the 
substantial heat stored in one end of the engine. This results in the engine still producing electricity 
despite not being required or used. As it is more than likely that the household will be connected to 
the grid, this may not such a problem as unused energy can be sold back to the grid. The internal 
combustion engine (ICE) [79] as detailed below gives an instant change in power, one of the main 
reasons is that it is used in automobiles and why external engines are not suitable. The benefits of 
using this over an ICE is extended time between service intervals, high efficiency and low noise and 
vibrations (although these are still not quite low enough to have within an occupied space in a home.   
ICE offers a tried and tested technology that has been used in motor vehicles for decades. It has 
the same basic principles as a diesel engine but runs on gas or liquefied petroleum gas (LPG) rather 
than diesel and is then connected to an electrical generator. Although efficient, the large body and 
slightly noisy operation restricts the combustion engine CHP units to commercial or communal 
 projects [35]. Other micro-CHP units tend to be the size of a conventional boiler, allowing it to be 
replaced without too much work being undertaken. 
 
Fuel cells offer a new alternative in CHP technology [80]. The two main types of fuel cell 
presently used are Proton Exchange Membrane (PEM) [81] and Solid Oxide Fuel Cells (SOFC) [82]. 
The development is still in the early stages and, as a result, there are not many commercially 
available. However, the system companies seem to be offering more are SOFCs. This could be due 
to the reduced cost and complexities, as well as a higher conversion efficiency that the system offers 
[83]. SOFC systems allow for a ratio for heating against electricity produced of roughly 1:3 [84]. 
This could therefore be suitable for a well-insulated home with lower heating demands. 
 
The majority of the 1.5 million gas boilers sold in the UK are as a replacement for an old 
system. As mentioned previously, a micro-CHP system with a smaller ratio of heating to electricity 
will be more suitable if included in a house with low heating requirements. A SOFC unit gives a 
heat-to-power ratio of 1:2, very different to that of other systems which give a 6:1 ratio. According to 
Harrison [35], this allows for it to produce a suitable electrical demand for homes that have a thermal 
demand of over 2600 kWh per annum, which includes almost every gas connected household in the 
UK, as shown in Figure 17. However, due to the low capacity, this would only realistically cover the 
provision of hot water meaning another system would need to be used for heating.  
 
Some critics argue that current micro-CHP methods are not efficient enough to justify an 
upgrade to a current boiler and that the technology needs to be mature in order to extract the most out 
of it. Harrison [35] argues this is not the case and that people should make the most of the finite gas 
that is still available no matter how small the savings, both financial and environmental. From a 
wider and longer term point of view, it is suggested that the use of micro-CHPs will reduce the 
expected overload on electricity demand in the UK. It shows that two energy companies expect a 
shortfall in electricity supply if certain power plants are to close. A newer report from the UK 
government demonstrates that electricity generation has indeed decreased, and that the country is 
importing more electrical energy from other countries as a result [85]. Another issue with the 
micro-CHP system is that all new build homes must be carbon neutral from 2016 [86]. This restricts 
the use of micro-CHP systems in newly built housing using fossil fuels. However, it can still be used 
in traditional housing as a replacement for a boiler and as a means to save energy.  
 
    Figure 18 shows the difference in terms of CO2 emissions for a standard gas boiler, a boiler 
combined with solar photovoltaic and various micro CHP systems (internal combustion engine, 
Stirling engine and fuel cell). Clearly the fuel cell powered micro-CHP produces the lowest 
emissions over a year, about 3400 kg of CO2 less than that of a conventional boiler. However, as was 
discussed earlier, with a ratio of heat to power being 1:2, the unit may need to be supplemented by 
another technology in order to provide adequate heating or DHW to the building. Within a traditional 
house where there may be a high heat demand, a user may consider a micro-CHP unit powered by a 
Stirling engine as this will reduce the emissions by approximately 2150 kg of CO2 annually. 
However, the slightly noisy operation may require the user to consider the placement of the unit 
within an occupied space. It should also provide enough heat to supply a large home with all the 
heating requirements as well as much of the electricity requirements. The use of an internal 
combustion engine can only really be suitable for community projects or commercial buildings, 
meaning it cannot really be considered for use in a single home.   
Financial viability in house design 
    Micro CHPs qualify for use with the feed-in-tariff, despite energy being generated from fossil 
fuels. This is due to the process being considered “low-carbon” compared to traditional electrical 
generation processes [84]. If the micro-CHP system covers the household for DHW and space 
 heating, this will cover 14,256 kWh for the average household. With a Stirling engine micro-CHP 
providing a ratio of 6:1 hot water to electricity ratio, the electricity produced would be approximately 
2,376 kWh, which is lower than the required 3,300 kWh per household. If the household required the 
electricity supply to be covered, the ratio would need to be nearer to 4:1. However, this would 
decrease the heat output, resulting in a possible need for another heat source. Any unused electricity 
will be exported back to the grid and a payment made through the feed-in tariff scheme of 4.85 
p/kWh. Although this is an unrealistic scenario, when calculating the payback period, the writer will 
assume that all the electricity generated is used on site. If 2,376 kWh is generated, this will result in 
an annual payment of £319.57 with the rate set at 13.45 p/kWh. It will also reduce electricity bills for 
the household by approximately £295.81 when using the standard variable tariff from British Gas. 
The annual saving is £615.38. There are only a few micro CHPs available on the British market, 
especially domestic, Stirling engine ones. A typical example is a Baxi Ecogen. This is designed to be 
a direct replacement for a standard boiler, with similar dimensions and ratios. The cost without 
installation is £7,400. With installation this would not rise above £8000. At this cost, the payback 
period is calculated to be just over 11 years. However, the feed-in tariff expires after ten years, 
extending the payback period to closer to 13 years. Also there may be electricity that is sold back to 
the grid when not used, allowing for the system to generate slightly more savings. 
1.10 Phase changing materials  
Phase changing materials (PCMs) contain properties that increase thermal mass without adding 
too much weight to the building system [87]. By reorganising their microstructure, PCMs can store 
or release heat at certain temperatures which can be altered by reorganising the PCM structure. To 
make this a viable solution in a building, PCMs must go through the phase change at typical building 
temperatures. The temperature at which the latent heat energy is released or stored and the quantity 
of the PCM used allows the user to reach a form of programmable inertia [88]. As the temperature of 
the UK is expected to increase over the next century, as shown in Figure 19, these materials could 
become very important in reaching comfortable living environments within buildings. This is 
especially the case in warmer climates where the summers are expected to reach very high 
temperatures. The use of PCMs could keep buildings at a constant temperature rather than 
fluctuating throughout the day.  
 
When integrating PCM into the building envelope, it is important to match the expected demand 
of the building to the thermal performance of the material [89]. Design considerations that should be 
made include the amount of heat to be absorbed by the material, the peak time of the day for heat 
flows and the discharge time for the material to be effective. An effective ventilation system may 
also need to be installed in order to increase the efficiency of the PCM [88]. Studies have concluded 
that the application of PCM in a building envelope needs careful consideration of the material 
properties. One study investigated this when comparing two PCMs of differing melting points (21 °C 
and 27 °C). At 27 °C, the PCM resulted in overheating. At 21 °C, the material required a large 
surface area that may not be suitable for all building types. It was discovered that PCM is most 
effective when the indoor thermal comfort average temperature is just below that of the phase 
changing temperature. This is most effective in climates with low solar radiation and mild winters. 
Although the study is from 1981, the information is still relevant to PCM installation today [90]. 
 
Figure 20 demonstrates how the PCM is charged by an under floor heating system. At 6 am this 
is turned off and the temperature of the PCM reduces rapidly due to it being higher than the melting 
temperature of 28 °C. However, when it reaches this point, heat is released slowly over a period of 
just less than three hours. It is then recharged again and discharged over a longer period, resulting in 
a fairly even room temperature. More recent studies have shown that the effects of PCM in various 
constructions. This includes a study that demonstrated PCM installation reducing the energy usage 
by up to 50%. It compared three structures with different properties; one with PCM, one with PCM 
 and a ventilated air gap and another with just a ventilated air gap and came to this conclusion [91]. 
These are demonstrated in Figures 22, 22 and 23.  
 
    The results demonstrated that the use of PCM with a melting point of 32 °C reduces the flux of 
the internal temperature by up to 50%. It has also been concluded that the installation of PCM boards 
in a room was found to reduce the fluctuations in room temperature between summer and winter 
[92]. Studies on PCM have concluded that: 
• A box structure with PCM installed can consume up to 50% less energy than that with just a 
ventilated air gap; 
• Having PCM installed in a room reduced the fluctuations in temperature in summer and 
winter; 
• PCM with temperature ranges of 25 °C and 28 °C could reduce indoor peak temperature by 
about 4°C; 
• After a few consecutive hot days and without proper ventilation, the PCM will lose its heat 
storage capacity and become much less efficient; 
• In temperatures greater than 18 °C, it is important that some sort of ventilation system is 
present in order to obtain optimal performance from the PCM.  
 
    One interesting idea is the use of PCMs in furniture. Although this is not part of the house 
design, it is interesting to note that this could be a possible relatively cheap way of helping stabilise 
the room temperature. One house design in the Solar Decathlon Europe competition incorporated this 
in the design in order to regulate the temperature of the room more effectively. The melting point of 
the PCM should be just above the comfort range, between 19 °C and 28 °C, as mentioned in section 
1.4. (Domestic Dwellings within the UK). In some instances, PCM materials have been used with 
electric under floor heating. The heating is turned on during the night, when electricity is cheaper and 
the PCM changed from a solid to a liquid as it absorbs heat. During the day the heating is turned off 
and heat released from the PCM as it solidifies [93]. Butyl stearate could be a good material for PCM 
in building envelope. It has a transition point between 18-23 °C which falls in the suitable range for a 
comfortable living temperature. On the occasion that the building requires cooling, Butyl stearate 
should act as a coolant, unless the temperature reaches very high levels.  
Financial viability in house design 
The financial viability for the use of PCM is uncertain. Nowadays, it is not financially viable 
with an installation costing £1143 [88]. After an internet search, there does not seem to be many 
suppliers of PCM. One supplier, “DuPont” offers a PCM product called Energain which has a 
melting point of around 22 °C. Although many factors must be taken into account, the company 
gives a general rule that for every 1 m³, 0.5-1 m² of PCM should be used [94]. With a ceiling height 
of 2.4 m and a floor area of 91 m2, the volume of the average house is approximately 218.4 m3. 
Therefore the area of Energain required would be between 109 m2 to 218 m2.  
 
    There is not much information of the cost of PCM materials. One study concluded that a 44.4% 
cost saving and 35% consumption saving could be made by installing PCM in flooring and in walls 
of a building [95]. However, the average energy saving over a week was 18.8%. According to the 
DuPont website, an energy saving of 15% is made. If this saving is used for space heating, this 
would result in an annual saving of 1,574 kWh for an average dwelling. This would result in an 
annual cost saving of £66.58 assuming heating from a gas boiler. One paper suggested that the cost 
of £50/m2 resulting in a material cost of £5,450 to £10,900 not including installation [96]. With the 
lower rate giving a payback period of just under 82 years, this is obviously not a financially logical 
investment. However, it will reduce energy consumption and maintain a more comfortable living 
environment.   
 1.11 Passive design strategies 
The majority of the energy used in a building is to protect the users from external elements and 
maintain internal comfort. This energy consumption can be reduced significantly through the use of 
passive design strategies [97,98] that help increase the interior comfort and decrease the reliance on 
active heating or cooling systems. 
 
Passive systems include the building envelope, orientation, geometry/ratios and hybrid 
solutions. From a Europe-wide test of the thermal comfort of various building designs, multiple 
design variables involving passive design strategies were tested. Although many aspects were tested, 
it is clear that use of a high performance envelope was a key design element of energy efficient 
houses [99]. The Solar Decathlon Europe competition happens every two years and compares 
various house designs. Comparisons are made in various categories including architecture, 
innovation and house functioning as well as others [99]. One category is the energy efficiency of the 
house. One paper looks at the different design features of all 18 houses and compares the results of 
the energy efficiency of them. From this there seems to be a few categories that stand out as things to 
include or exclude in the design.  
  
    The test mentions no financial analysis, meaning that not all of the design strategies will be 
possible but it seems to present some interesting ideas and results. Figures 25 and 26 show the 
variations and the thermal performance of each house design.  
Notable results from the test are:  
• An external insulation layer seems to be an effective way to minimise thermal bridges. In the 
SDE 2012 event, 14 out of the 18 designs contained them and tended result in a better 
thermal performance. Out of the bottom 3 houses, 2 of them did not have an external 
insulating layer. The only exception seems to be house 18 which came in fourth position. 
However, the top twelve houses are separated by so little that it would make near as no 
difference to the final outcome of the efficiency. 
• Houses 5, 14 and 16 are the only ones to have a foyer or entrance vestibule. Obviously the 
designers did not think this was a worthwhile addition, contradicting another paper which 
said a foyer added to the thermal qualities. Interestingly, house 16 was the best performing 
house in terms of thermal performance whereas 5 and 14 were considered two of the worst.  
• 7 out of the top 10 did not have a ventilated façade.  
• In terms of ventilation, all houses included a mechanical ventilation system. However, only 
two designs had a ventilation system using a phase changing material heat exchange. These 
houses were rated the top 2 houses in thermal performance. With the exception of one, all 
houses implemented a ventilation system with heat recovery. The house that did not 
implement this scored lowest in terms of thermal performance. Although this could be a 
coincidence and there may be other factors, this seems an important strategy in creating a 
high thermal performance in a building.  
• All but one design (house 14) contained high performance glazing. This design came 16th out 
of 18 houses in terms of thermal performance.  
• All houses had a passive solar gain. However, house 16 was the only design to incorporate a 
double skin house façade. This was also the highest performing house in the thermal 
performance test.  
 
    The SDE competition works to find what has the most efficient house design overall and gives a 
general idea of what works and what does not. However, it can be hard to tell which technologies are 
making the most difference as many of them are being changed at the same time. In order to really 
analyse what works well, two similar buildings should be created with only one difference separating 
them. In this instance, features such as a radiant floor and/or ceiling are implemented in half of the 
 houses. In the results these houses are spread fairly evenly throughout the thermal performance 
results, making it difficult to gauge the effectiveness individual components.  
1.12 Building envelope 
    Creating a suitable building envelope is one of the most effective passive design strategies when 
creating an energy efficient building. It is the barrier that protects the internal environment from the 
external conditions and so careful consideration must be taken. The most relevant characteristic is its 
u-value, which measures the heat loss in a building element such as windows, doors, walls etc. The 
higher the u-value of the building envelope, the better it will be at keeping the heat in during winter 
and the heat out during summer [100]. 
Insulation 
Some research works argue that a well-insulated building envelope can lead to higher loads in 
the summer due to the extended use of cooling technologies [101]. However, it is suggested that this 
would only really be necessary if the exterior temperature was lower than that of the internal 
temperature during the summer period, which is an unusual situation, even in hotter climates [99]. It 
is also not an issue due to the location of the proposed design. 
 
    Other factors that must be taken into account when considering the building envelope are its 
absorbing qualities, thermal lag and thermal energy storage capacity. For translucent materials, such 
as windows, it is not only suitable to take into account the u-value, but also the solar heat gain. The 
results from the SDE concluded that of the top eight performing houses in the thermal comfort 
sub-contest, six of them had the lowest thermal transmittance and five of them were among the eight 
lowest thermal transmittance in the ceilings. It is fairly conclusive that having decent thermal 
properties such as a low u-value in the walls and ceilings contributes a large part to the efficiency of 
a building. 
 
    The importance of air tightness and u-value for the building envelope obviously increase as the 
exterior climate increases in intensity. If the climate is constantly at a comfortable temperature all 
year round then having a low u-value will not add a great deal of comfort to the building. However, 
if the climate has a large range between hot summers and cold winters, the u-value and air tightness 
are extremely important factors to be considered. Figure 27 shows the energy saved as the thickness 
of the thermal insulation (mineral wool) is increased. As the thickness increases, the energy saved 
per unit of thickness reduces. The user must consider what the most appropriate thickness is while 
still providing adequate insulation to the building. Table 9 shows the results from a study on 
optimum wall insulation thicknesses for various materials [102]. Through comparing the cost of 
insulation and thermal conductivity, the life cycle costs were established for each material. The study 
concludes that the use of fibreglass-urethane at a thickness of 0.048 m is the most suitable wall 
insulating material. Figure 28 demonstrates the variations in optimum thickness of the various wall 
insulation materials. Again it shows that fiberglass-urethane provides the largest saving over its 
lifetime. However, Ucar and Balo suggests that the use of foamboard 1200 gives a greater saving 
than fibreglass [103] while Bojic et al suggest that mineral wool provides the greatest insulation 
[104]. 
1.13 Efficiency evaluation of a building 
    Five technologies have been analysed for the financial and environmental effects on a house 
design. Table 10 demonstrates the annual saving and payback period for each technology and Table 
11 demonstrates the annual energy saving for each technology. From the authors’ point of view the 
technologies that should be incorporated in a modern house design should be a ground source heat 
pump, PVT panels and a solar tracker. If a solar tracker is not used, the angle of the solar panels 
should be approximately 33° to the vertical. The use of a micro-CHP system would be suitable. 
However, it cannot be used in parallel with a heat pump and, due to the extended payback period, 
 would not be suitable. Although PCM materials will save energy and provide a more comfortable 
living environment, the cost significantly outweighs the energy gains so this is not considered. 
However, as the technology advances and prices reduce, this could become a very exciting and 
useful material when reducing energy consumption in the future. The initial costing of the GSHP, 
PVT panels and tracker costs approximately £22,090.89 – £26,090.89. The annual economic savings 
of these are £2,240.74 – £2,531.66 giving a payback period of 8.7 years at best and 11.6 years at 
worst. 
2 Design of building 
The final design of the semi-detached house is shown in Figure 29. The house is designed as a 
large, three bedroom semi-detached house to coincide with the average house type in the UK. The 
design was generated in the design software, SketchUp by Trimble. This allows a large amount of 
flexibility when creating designs and gives a quick and simple representation of the appearance of 
buildings, products or even landscapes. It can also provide some level of detail but not to the same 
standard as expensive architectural software such as AutoCAD, Inventor or Revit. The software also 
allows users to import assemblies or parts that other users have generated and uploaded to a public 
library. This enables users to generate and share designs quickly and easily. In this design the public 
library has been used to import the solar PVT panels excluding the fixings, the ground source heat 
pump and the main door. The windows have also been imported and then edited to create the suitable 
frames. 
 
The windows on the south facing walls are larger than those on other sides of the building to 
maximize the solar thermal gains. However, due to the colder climate, the windows are not as large 
as demonstrated in the SDE competition. There are solar PVT panels attached to the roof of the 
building with a fixed position at 33° to the vertical. However, if the user felt these were too imposing 
and ruined the look of the building, there is the option of garden PVT panels with a tracker system as 
demonstrated in Figure 30. There is a ground source heat pump at the rear of the building that will 
have the pipes placed in the garden about two metres below ground. This would need to be used in 
conjunction with a low temperature heating system such as under floor heating to really gain 
significant benefits. The floor plan shows how the main living space is on the south side of the 
building to ensure the most effective use of natural light and heat. The ground and first floor plans 
are detailed in Figure 31. A large, open plan living area is created with larger windows in the south 
facing wall to ensure the most effective use of natural light. 
 
    Concepts of the roof and wall details are shown in Figures 32 and 33. These illustrations are 
generated using a combination of extrusions, offsets and sketches in AutoCAD software. Although 
not to scale, they are based on standard wall systems used in house building and show how the use of 
insulation and PCM could be implemented if PCM was being used. This system should give an 
air-tight and well insulated construction for the building but must be researched in greater detail. The 
PCM material, if being used, is shown in pink and a layer of insulation is incorporated. A detail of a 
wall section is shown in Figure 34. This demonstrates the PCM’s position within the wall 
construction. 
3 Discussions 
    There are many factors that affect energy consumption on a building, occupants’ behaviour, 
local climate and financial aspects to name a few. When designing a house, there are many aspects 
that must be analysed in order to reach the most efficient design. Often these can only be seriously 
analysed through the use of real-life experiments over a long period of time. If it can access to 
energy analysis software, this could have also been utilised to get some new data as opposed to data 
from other research works. It was predicted that the house design presented could give annual 
economic savings of between £2,240.74 and £2,531.66, resulting in a payback period of between 8.7 
 years and 11.6 years. The energy savings could be as high as 3,878 kWh in gas and electricity, a 
saving of approximately 19.5% compared to a standard three-bedroom house in the UK. Some of the 
data gathered could be quite vague and was not always applicable to the design of a house in 
Scotland. For example, a research work on the solar gains from a PVT system in London, where 
energy generation would be greater, was analysed. Although the difference was taken into account, it 
may not have been too accurate.  
4 Conclusions 
    Gas consumption needs to be reduced but there are few viable options for use in heating 
systems. The only realistic alternatives would be an air or ground source heat pump combined with a 
low temperature heating system. This is incredibly expensive to install in current building stocks and 
will not offer give the user a decent payback period. The only realistic option when reducing gas 
consumption is to increase the insulation of the property, through the use of new technologies such 
as PCM. As new houses are built and old houses demolished, the insulation of housing will increase 
and the opportunity to install low temperature heating solution will be available. This will allow for 
heat pumps to be installed, reducing the reliance on the gas network. The design presented gives a 
solution that would decrease the energy consumption in the average home and give a reasonable 
payback period. 
5 Recommendations and further work 
Anaerobic digestion, or biomass, generates clean, green energy from living or recently living 
plant matter such as trees or crops. It is carbon neutral due to the crops taking the same amount of 
carbon out of the atmosphere as it releases under burning [105]. As long as it is managed carefully 
and the plant life replenished in suitable time, the cycle is maintained, giving biomass its green 
credentials. It can also meet all the hot water and heating demand, making it a viable alternative to 
gas. If there is no connection to the gas network, the use of biomass has a huge potential to provide 
an alternative to gas. 
 
Further research on micro CHP units could be undertaken as this technology is in its infancy. It 
has the potential to reduce emissions through creation of DHW, heating as well as electricity. This 
should include the study of fuel cells which have the potential to have a low heat-to-power ratio and 
therefore be suitable for homes with lower thermal demands. Micro-CHP units that use other energy 
sources such as oil or bio-liquids could also be investigated more. This is due to restrictions coming 
in 2016 that states that new homes should be zero carbon that may limit the installation of mains gas 
powered micro-CHPs.  
 
More research on solar trackers may be advantageous. There does not appear to be much 
information on exactly what savings can be made, both in financial and environmental terms. 
Various manufacturers have suggested that up to 60% more energy can be generated but this is not 
from a neutral source and the details of the analyses are not published. The location of one analysis is 
in Spain where solar irradiance will clearly be much higher than in northern Europe. The building 
envelope and insulation levels within a house must be analysed. There are also many technologies 
that can be investigated when insulating exterior walls and the roof of a building.  
 
    “Hard to treat” buildings usually have two options with regard to insulation; internal or external 
wall insulation. From tests within the SDE 2012 event, it is obvious that the inclusion of an exterior 
insulation layer is effective as a means to reduce thermal bridges [99]. This may be included in the 
final design if the financial aspect of it is suitable. Internal and external wall insulation in the UK 
does not seem to have too much work written on it, giving potential for improved systems and 
processes to be developed.  
 
     Green roofing provides insulation as well as acts as a green space, helping the environment by 
reducing CO2 emissions. It has a layer waterproof membrane with a growing medium and layer of 
vegetation placed upon it [106]. However, there are more effective processes when insulating a 
building and it is also only really appropriate on a flat or shallow pitched roof. 
 
The orientation of the building can have a small but significant impact on the energy usage 
within that building. Three factors which influence the efficiency of a building’s thermal properties 
are orientation, geometric parameters and ratios [99]. In order to get a truly efficient building design, 
these should be researched further and applied to the housing design if applicable and suitable. It is 
more than like that having a large equator-facing wall will result in a greater energy saving. 
However, this may cause issues with land availability and public perceptions of such a building.   
 
Future technology: 
High altitude wind generation offers some exciting possibilities in the future of electricity 
generation. The main reason for this is that stronger and more consistent winds can be found at 
higher altitudes than that of a regular wind turbine. An American company, Altaeros, has created a 
prototype, known as “The Bat” which can be positioned up to 600 m above the ground. The main 
benefit is that the wind speed at such altitudes can generate far more electricity as the power output 
does not follow speed linearly but at a cubic factor. This means that if the wind speed is doubled, the 
electricity generated is eight times the original value. Although this sort of technology would not be 
suitable for individual houses, it would be ideal as a communal power source, especially remote 
places that are off the grid or even in disaster zones.  
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